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Abstract - New assemblies constituted by a microporous matrix of mordenite (MOR)
zeolite on which TiO, nanoclusters are deposited were synthesized using ionic oxalate
complexes and TiCls titanium precursors. The samples were used to investigate the transfers
of electrons produced by spontanecous or photo-induced ionization of a guest molecule (t-
Stilbene, t-St) occluded in the porous volume towards the conduction band of a conductive
material placed nearby, in the pores or at least close to their entrance. The reaction
mechanisms were compared in these Ti-rich solids and in a Ti-free mordenite sample. The
characterizations by XRD, N, physisorption, TEM, XPS and DRIFT spectroscopy of the
supramolecular TiO,/MOR systems before t-St adsorption showed the preservation of the
crystalline structure after Ti addition and thermal activation treatments. They also revealed
that titanium is mainly located at the external surface of the zeolite grains, in the form of
highly dispersed and/or aggregated anatase. After incorporation of the guest molecule in the
new assemblies, diffuse reflectance UV-visible and EPR spectroscopies indicate that the
electron transfer processes are similar with and without TiO, but strongly stabilized t-St*"
radicals are detected in the TiO,-MOR samples whereas such species were never detected
earlier in TiO,-free mordenite using these techniques. The stabilization process is found more
efficient in the sample prepared with TiCl; as precursor than with titanium oxalates. It is
proposed that the proximity of TiO, with the formed t-St*" radicals provokes the stabilization
of the radical through capture of the ejected electron by the semi-conductor and that

confinement effects can also play a role.
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1. Introduction

In the last decades, many studies devoted to the synthesis of new complex molecular
assemblies containing electron donor chromophores have been reported either in solution or
in environments involving interfacial systems '”. The strong interest for such systems comes
from their ability to store charge separated states that can be stabilized at the molecular level

and can be used to provide electron transfer capacity for applications in varying domains such

3,8-17 18-21 22-31

as photovoltaic , energy , catalysis or optics. >>>* In that context, porous materials
in which guest molecules can be incorporated are of high interest. By allowing a thorough
control of the host-guest interactions, the large diversity and designability of these materials
make them very useful in numerous applications. *>>* Amongst the already tested solids, we
recently demonstrated the ability of porous zeolites to stabilize such charge separated states
for especially long periods after adsorption of aromatic molecules having dimensions similar
to the pore size in the zeolite, which is commonly between 4 and 8 A in diameter. **** In
addition to their organized microporous frameworks, an important advantage of zeolites is to
offer a high surface area and a cationic exchange capacity that is expected to facilitate the
ionization of the adsorbed aromatic molecules and to help creating persistent charge separated

states. Moreover, even though the ionization process can be initiated either electrochemically

43 42, 44-48 49-50

or by photoexcitation or radiolysis, it can also occur spontaneously if the
ionization potential of the molecule is sufficiently low and if the energy of polarization in the
zeolite channel is high enough. ** As a whole, stabilization of the separated charge states in
the zeolite can thus be considered as an intrinsic property of the inner charged surface of the
zeolite micropores space.

Besides the type of the adsorbed aromatic molecule, the effects of other parameters have been
previously highlighted, related especially to the characteristics of the support itself that may
strongly affect the ionization efficiency and the speed of recombination after charge

51-54

separation. These parameters are for instance the nature of the charge compensating

cations (in particular protons), the opening of the pores mouth or the aluminium content. ¢
In these previous studies, better understanding of the mechanisms involved in the ionization
processes and of the key parameters leading to higher ionization efficiency has also been
provided. However, even if the formation of charge separated states with good performances
and life time is an important breakthrough, a crucial step for the system to be applicable lies

on the possibility to capture the electrons after their initial ejection and trapping in the

framework, which could be ensured by the use of microelectrodes coupled with the zeolitic

2
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material. However, a specific problem is then encountered since zeolites are aluminosilicate
materials, well known as insulators. As a consequence, it is necessary to find a way to exploit
the very stable charge separated states present in the pores. Then, a promising solution could
be to transfer the generated electrons towards the conduction band of a conductive material
placed in the proximity of the stable charged chromophore, in the pores or at least close to

their entrance.

Accordingly, the purpose of this study was to show the feasibility of such approach, by
combining in a same material the zeolite support and a nanophase having semiconductive
properties. To this end, semiconductor nanoclusters were synthesized at the surface and/or in
the pores of the zeolite crystallites previous to the adsorption of the chromophore molecules,
the final goal being to facilitate by this way the transfer of the electrons ejected during the
ionization process to the conduction band of the semiconductor present nearby. More
precisely, the purpose was to synthesize new assemblies constituted by a microporous matrix
of mordenite (MOR) zeolite on which TiO, nanoclusters were deposited. The choice for this
system was based on the well-known conducting properties of TiO, and on the mono-
directional 12-membered ring pore system of the MOR structure in which the charge transfer
was shown to be faster than in the smaller channels of FER or ZSM-5. *"* It can also be
recalled that incorporation of TiO; in zeolites was previously reported in studies aimed at
improving the photocatalytic efficiency of TiO,, especially after visible light irradiation. >"®*
In these studies, titanium was added by either simple anchoring or by incorporation inside the
zeolite cavities and mordenite was often selected as zeolite because of its hydrophobic
properties and of its medium size mono-directional channels compatible with rod shape

47,69-72
molecules. "

The electron transfers in these systems were also shown to occur from the
excited TiO, to the reactant molecule. In contrast, the electron transfer expected to take place
in the present work should occur in the opposite way, from the guest molecule adsorbed
within the zeolite voids towards the dispersed TiO, nanophase deposited on the support.

Three different titanium precursors will be used for samples preparation, namely two ionic
oxalate complexes as already applied to exchange TiO*" in the porosity of zeolites %7
and TiCl; that is more commonly found in studies dedicated to the synthesis of titanosilicates
in which titanium is part of the framework, like in TS-1. > Nevertheless, TiCl; is known for
its high solubility in water '® and it has been used as precursor of TiO, nanoparticles in

solution 7’ or of TiO, nanospecies dispersed in zeolite Y. In the latter case, this compound
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was used in its solid form that is highly reactive in the presence of air, which required

working at low temperature (< 0°C) and under argon. *

After preparation, the supramolecular TiO/MOR systems will be characterized by various
complementary techniques, namely XRD, N, physisorption, TEM, and DRIFT and DRUVv
spectroscopies, with the aim to check the preservation of the structural and porous properties
of the support and to identify the location and nature of the supported titanium phase. Next,
diffuse reflectance UV-visible and EPR spectroscopies will be applied to investigate the
electron transfer processes and analyse the effect, on the chromophore guest molecule, of the
incorporation of the new assemblies. This will be made either directly or after previous
(photo)excitation of the guest molecule that will be trans-Stilbene (t-St; (E)-1,2-
diphenylethene), the first advantage of which being to present an appropriate molecular width
(= 0.54 nm) to penetrate and diffuse into the MOR channels with 0.65 nm x 0.70 nm diameter
aperture. *'**7® The second reason for choosing this chromophore is that its chemical and
photochemical behaviours upon adsorption in various types of zeolite channels, especially

41,42

MOR ones, were recently studied in the absence of TiO,, which will be of precious help

for interpreting the present data.

2. Experimental

2.1. Materials

Preparation of the Ti-containing materials. The parent zeolite support was a commercial
ammonium exchanged NH4-MOR zeolite from Zeolyst International. Three Ti containing
samples were prepared by adding titanium on the support, following the same exchange
procedure in solution except for the nature of the titanium complex that was either an
ammonium or potassium titanium oxalate complex (M,TiO(C,0;4), with M = NH," or K,
Sigma Aldrich) or titanium trichloride (TiCl;, Alfa Aesar). The method consisted in
dissolving the adequate titanium compound in water as to obtain a 0.2 M solution, afterwards
3g of the parent NH4-MOR support was added. The suspension was stirred for 24 h at room
temperature and this was performed under argon atmosphere to avoid TiO, formation that
could occur, especially in presence of TiCl; (if contacted with air), and could lead to a loss of
TiO, nanospecies in suspension. After recovery by filtration, the powders were washed with
distilled water and dried overnight in an oven at 50°C. The procedure was repeated three

times to increase the exchange levels. Finally, the parent zeolite and the three Ti containing
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samples were calcined stepwise (50°C steps) till 450°C in static air, afterwards the
atmosphere was switched to flowing Ar while keeping the temperature constant for 12h. The
objective of this activation step was twofold: firstly, it allows converting the remaining NH,"
ions to gaseous ammonia (evolved in the gas phase) and to protons (which remain as
exchangeable cations); secondly, it is expected to provoke the oxidation of the supported
titanium phase needed to form the semi-conducting TiO, nanophase. Note that when using the
K,TiO(C204), precursor, K' is expected to substitute the ammonium charge compensating
cations. Accordingly, the four prepared samples will thereafter be denoted HMOR, TiO,-
HMOR,y, TiO,-KMOR, and TiO,-HMOR(,, where “ox” and “Cl1” refer to the Ti precursor

compound used for sample preparation.

Sorption of the organic guest molecule. Before sorption of the trans-stilbene (t-St) guest
molecule, each calcined Ti-containing MOR sample was put in a closed quartz cell that was
kept in dark and was heated up to 450°C in flowing dry Ar. Then, the sample was cooled to
room temperature, a weighed amount of t-St corresponding to one t-St molecule per unit cell
of zeolite (1 t-St / 48 T atoms) was introduced, and the cell was gently shaken in order to
ensure good mixing between the zeolite and the t-St molecules. The powders were then
transferred under dry argon either in a quartz glass Suprasil cell (for DRUVv experiments) or
in cylindrical quartz tube (for EPR experiments) that were next sealed. Finally, the powder
mixtures were left at room temperature (dry Ar and dark) to allow progressive sublimation of
the trans-stilbene molecules and adsorption in the Ti-containing zeolite support until complete
sorption. The generation of radicals was studied either directly (spontaneous ionization) or
after photoexcitation of the sample at room temperature using excitation pulses at 300 nm (7

to 8 ns, 1.5 mJ) delivered by a 20 Hz Panther EX OPO tunable laser (Continuum, GSI group).

2.2. Physicochemical characterization techniques

The preservation of the zeolite structure along the treatments was verified by X-ray powder
diffraction (XRD) using a Bruker D8 Advance series instrument, operating in the reflection
mode with a Cu K, radiation source generated at 40 kV and 40 mA. The diffraction scans

were measured from 5 to 50° 2@ with a 0.02° step and 2 s count time per step.

Nitrogen adsorption—desorption isotherms were performed at -196°C using the TRISTAR gas
sorption system from Micromeritics in order to determine the textural properties. Before
analysis, the samples were outgassed at 200 °C for 5 h under secondary vacuum (the parent

material was degassed at 350°C).
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The zeolite and Ti phase morphologies as well as the local chemical compositions were
evaluated by Transmission Electronic Microscopy (TEM) on a high resolution LaB6 JEOL
JEM 2011 instrument, operated with an acceleration voltage of 200 kV and equipped with an
Energy Dispersive X-Ray spectrometer (EDXS). In order to ensure correct observation of the
core of the grains, the micrographs were registered on thin 70 nm microtomic slices obtained

on a Leica’s microtome (after putting the sample in a resin).

2.3. Spectroscopic methods

Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectra were registered on an
infrared Nicolet Magna 860 apparatus equipped with a liquid-nitrogen-cooled MCT detector
(Mid-IR), using the suitable beam splitter. The spectra, reported in Kubelka-Munk units, were

the results of 1064 scans recorded with a 2 cm™ resolution.

The surface compositions and nature of the species were analysed by X-ray Photoelectron
Spectroscopy (XPS) using a Kratos Analytical AXIS Ultra®® spectrometer. A
monochromatized aluminium source (Al K, = 1486.6 eV) was used for excitation. The
analyser was operated in constant pass energy of 40 eV using an analysis area of
approximately 700 pm x 300 um. Charge compensation was applied to overcome the charging
effect occurring during the analysis. So the Si 2p (103.5 eV) binding energy (BE) of the
support was used as internal reference. The spectrometer BE scale was initially calibrated
against the Ag 3dsy (368.2 eV) level. Pressure was in the 10" Torr range during the
experiments. Simulation of the experimental photopeaks and chemical quantifications were
carried out using a CasaXPS software. The Si, Al and Ti contents were also evaluated by
dispersive X-ray fluorescence analysis on a SPECTRO X-LabPro.Diffuse Reflectance UV-
visible absorption (DRUVYV) spectroscopy was carried out on a Cary 6000i spectrometer
equipped with an external integrating sphere (DRA-1800) that allowed recording the data in
the diffuse reflectance mode. The spectra were recorded between 200 and 900 nm and are
presented in Kubelka-Munk units. The SIMPLISMA (SIMPLe-to-use Interactive Self-
modeling Mixture Analysis) approach was used to perform the multivariate curve resolution
data processing of the DRUVv spectral set F(L,t). ” This method allowed extracting the
individual spectral components and the respective concentration C(t) from the successive
spectra registered as a function of time after the powder was mixed with the t-St host
molecule. The kinetics were analyzed through the C(t) concentration decays that were
accurately fitted using the Albery function which takes into account the heterogeneity of the

material. %
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The continuous wave (CW) Electronic Paramagnetic Resonance (EPR) spectroscopic
experiments were carried out at room temperature with a Bruker X-band ELEXYS ES80E

spectrometer to investigate the fate of unpaired electrons after t-St ionization.

3. Results and discussion

3.1. Structural and textural properties

Characterization of the HMOR, TiO,-HMORy, TiO,-KMORy, and TiO,-HMOR(, samples
was performed by complementary techniques before trans-stilbene adsorption to obtain
information on the structural, porous and chemical properties of the prepared materials. A
special attention was paid to the location and crystalline nature of the TiO, semiconductor

nanoclusters expected to be present after Ti deposition and calcination.

Figure 1 compares the X ray diffractograms of the parent and Ti-enriched zeolites. For all
samples, the peak positions and peak intensities remain the same, showing that the MOR
crystalline structure was preserved after Ti addition in solution and activation at 450°C,
whatever the titanium precursor. In addition, no diffraction peaks typical to either anatase
(djo1 peak expected around 25.3°) or rutile (d;jo peak expected at 27.5°) 81 was detected,
indicating that the supported Ti-based nanophases, if present, are either amorphous or in the

form of clusters too small (below few nm) to be observable by XRD.

The preservation of the microcrystalline structure after Ti addition and thermal activation was
also confirmed by nitrogen adsorption-desorption experiments at 77 K. The isotherms are of
Type I (IUPAC classification) as exemplified in Figure 2 for the HMOR, TiO,-HMOR and
Ti0,-HMOR( zeolites. From the textural characteristics derived from these curves (Table 1),
a significant increase of the microporous and mesoporous volumes is noted for sample TiO,-
HMOR(, prepared with the TiCls precursor, which may indicate that some framework
dealumination and/or local dissolution took place during preparation. Indeed, it was
previously reported for the MOR zeolite structure which structure contains side pockets that
dealumination - which occurs preferentially at lattice defects - can lead to an increased
microporosity by opening the entrance to the side pockets and connecting them to the adjacent
channels, thus generating secondary micropores. *> Besides, extraction of some extra

framework species from the porosity during TiCls treatment cannot be excluded.

Transmission Electron Microscopy was used to get information on the morphological and Ti

location features that were comparable in all Ti-enriched samples. Micrographs of 50 nm
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thick ultramicrotomic slices are shown in Figure 3, taking TiO,-MOR(; as a representative
sample. The low-magnification picture shows the general shape of the MOR grains, with sizes
in the range 0.1-1 um (Figure 3A), whereas the crystalline state of the zeolite grains and their
microporous channel system clearly appear in the high-resolution (HR-TEM) mode (Figure
3B), thus attesting again of the zeolite network preservation after Ti deposition and thermal
activation (Figure 3B). Nevertheless, black spots as well as aggregates are also observed on
the surface of the zeolite crystallites, highly dispersed all over the sample (Figure 3C), that
were shown to correspond almost exclusively to a titanium and oxygen rich phase as indicated
by local chemical analyses carried out by energy-dispersive X-ray spectroscopy (EDX, data
not detailed). On the contrary, the Ti content was always found limited (atomic Ti/Al ratio
below 5 %) on zones of the MOR grains where such external nanospecies were absent.
Interestingly, chlorine was also not detected, even on the TiO,-MOR¢; sample prepared with
TiCl;. Finally, HR-TEM observations show that the dispersed Ti-rich nanophases are
composed of small spherical nanocrystals about 2 to 5 nm in diameter (Figure 3D) having
lattice d-spacing values equal to 3.5 A and 2.3 A, as determined from their diffraction pattern
(Figure 3E), which fits very well the values expected for the (101) and (103) crystallographic
planes of anatase. ** Therefore, it can be concluded from these data that titanium is mainly
present in the form of highly dispersed and/or aggregated anatase located at the external
surface of the zeolite crystallites, but in close contact with the grains. A minor part of titanium
can be also incorporated in the zeolite channels but in lesser amount and in the form of TiO,

nanoparticles too small to be detected by XRD measurements. 65

3.2. Acidic properties and state of the supported Ti-based nanoclusters

Figure 4 shows the evolution upon calcination of the DRIFT spectra of the MOR samples
previously exchanged in the K,TiO(C,04), and TiCl; suspensions, then washed and dried at
50°C. For this study, the freshly prepared Ti-containing powders were placed in the reaction
chamber of the Praying Mantis accessory before the temperature was raised from room
temperature up to 450°C. For both samples, the spectra at room temperature (Figures 4a,a’)
show a band of lattice terminal silanol groups around 3738 cm™ that did not evolve with
temperature. For TiO,-HMOR(;, a new band centred around 3605 cm’! emerged when
reaching 200°C (Figure 4c), which is typical of the v(OH) modes of Brensted acid Al-O(H)-

788485 thus attesting the conversion into protons of the NH, " ions initially present in

Si sites,
the samples. This band was still present after cooling, although slightly shifted (3595 cm'l) as

expected from the lattice deformation process occurring with temperature change (Figure 4f).

8
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Interestingly, such Bronsted acid sites were absent in the case of TiO,-KMORy that was
prepared with the K,TiO(C,04), precursor, revealing the good efficiency of the ammonium
substitution by K ions (Figure 4f*). Finally, the bands at 3655 and 3575 cm™ visible at room
temperature for both samples (either before heating or after heating and cooling) are due to

hydration water.

Unfortunately, the DRIFT spectra could not provide further information on the Ti-based nano-
species due to the overlapping of the Si-O and Al-O vibrational modes with the Ti-O ones.
Similarly, FT-Raman spectroscopy could not be used because of the important fluorescence of
the small zeolite microporous crystallites themselves. Nevertheless, more knowledge on the
Ti phase could be gained by performing X-ray photoelectron spectroscopy that informed on
the presence of titanium and on its comparative content in the different samples depending on

their preparation.

As XPS allows the determination of the elemental composition of the sample surface (within
the top 1-5 nm), this technique provided semi-quantitative analyses that were assumed to be
representative in first approximation of the bulk of the sample. Table 2 reports the atomic
concentrations (% at.) and photopeaks binding energy (BE) values of the detected elements.
The Si, Al and Ti atomic contents evaluated from X-ray fluorescence, also indicated in the
Table, show good agreement between the values measured by both techniques. It can be seen
from these data that the atomic ratio Si/Al is close in all samples (from 12 to 10), and of the
order of the theoretical value of 10 expected for the commercial parent zeolite. Note,
however, the small increase of the Si/Al ratio - especially for sample TiO,-HMOR(; - that
seems to support the hypothesis of a slight framework dealumination during preparation as
already suggested by N, physisorption experiments. Secondly, data in Table 2 reveal that the
Ti concentration is about three times higher in sample TiO,-HMOR; than in TiO,-HMOR i«
and TiO,-KMOR, that were prepared with the cationic oxalate precursors. Thirdly, the
presence of potassium in TiO,-KMOR; is confirmed, with an atomic concentration (2.7 %
at.) that is very close to that of aluminium (2.4 % at.), with no evidence of nitrogen,
suggesting a full exchange of the NH;" ions by K’ ones during the preparation step in
suspension, as already deduced from DRIFTS data. Fourthly, chlorine is never detected, in

line with TEM observations.

In order to provide additional information on the Ti-based nanospecies, a deeper analysis of
the XPS spectral features was carried out, in the binding energy ranges characteristic of the

core electrons emitted by titanium and oxygen atoms. As example, Figure 5 shows the spectra

9
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recorded in the case of the TiO,-HMOR(; sample. The photopeaks at 459.1 and 465.0 eV
(Figure 5a) correspond to the Ti 2ps;» and Ti 2py/, doublet lines, respectively. These BE values
are similar to those reported for octahedrally coordinated titanium in TiO,, *® which confirms
again that the exchanged and/or impregnated titanium species were transformed to TiO, upon
thermal activation, in line with TEM observations. Interestingly, no signal was detected at
lower BE value, around 457 eV, indicating the absence of Ti*". ¥ With respect to oxygen, the
two Ojs contributions observed at ~533 eV and ~531 eV can be attributed to oxygen atoms
bound to tetrahedral framework (Si or Al) atoms and titanium atoms, respectively. **** This
attribution fits very well with the respective peak areas that represent 92% and 8% of the Oy,
total signal. Indeed, with such attribution, the oxygen content in the Ti-based nanophase
would represent 5.3 % of total atoms (i.e. of 66.9 x 0.08, Table 2) and the Os31 cvy/T1 atomic
ratio is then equal to 2.2, in very good agreement with the expected value of 2 if considering

that the whole content of titanium is under the TiO, form (1 Ti atom for 2 oxygen atoms).

Finally, UV-Visible spectra of the TiO,-MOR samples were recorded before trans-stilbene
adsorption, taking the HMOR zeolite as reference (spectra not shown). For all samples, a
weak band was observed between 230 and 300 nm, assignable to TiO, even if the maximum
of absorption was blue shifted with respect to TiO, anatase (~310 nm). 8.09.8689.90 The
corresponding band gap energies of the titania clusters estimated by using the Tauc method
were always higher in the prepared MOR samples (3.6, 3.8 and 4 eV for TiO,-MOR, TiO,-
HMOR, and TiO,-KMOR, respectively) than in anatase (3.3 eV). These data are consistent
with those reported in the literature for analogous systems. ***¢*° Indeed, the blue shifts
observed for the maximum of absorption and for the band gap absorption edge are often
explained by quantum size effects interpreted in terms of charge carrier confinement that
induce changes in the optical and electronic properties of TiO,. Presently, this shift supports
the previous TEM observation of a small size (few nm) of the anatase-like species deposited
on the MOR support compared to the size of the crystals in the anatase reference (about 9 nm
as determined with the Scherrer formula). These findings show the influence of the surface
and internal volume of the support that helps stabilizing the TiO, particles in the form of
small nanospecies. Therefore, even if part of the TiO, particles is located on the external
surface of the zeolite grains as seen by TEM experiments, the size quantification effect
deduced from UV-vis data suggest that extremely small TiO, species are also present in the
internal mordenite volume, with sizes in the subnanometer range as imposed by the mordenite

. . . 47,58,59,60,61,63,65,69,90
micropore dimension, *77%77 TR RS20

10
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3.3 Sorption of t-St and effect of Ti addition

When a calculated quantity of white solid t-St corresponding to 1 t-St per unit cell was
contacted in the dark and under argon with dehydrated white TiO,-HMOR o, TiO-KMORy,
TiO,-HMOR(,, the powder remained white. The incorporation of t-St was monitored by
conventional diffuse reflectance UV-visible absorption spectroscopy. The DRUVv spectra
recorded one month after the mixing exhibit mainly an increase of the absorption band
centered at 300 nm assigned to the neutral guest molecule. This evolution indicates the
progressive sorption of t-St molecules in the porous space according to the adsorption

mechanism described by equation 1:
t-St +TiO,-MOR — t-St@TiO,-MOR Eq. 1

where t-St@TiO,-MOR represents the molecule occluded in the TiO,-MOR supports
(presently TiO,-HMOR, TiO,-KMOR,, or TiO,-MOR()).

In addition to the spectral features in the UV region, very weak broad bands in the 500-700
nm visible spectral range were observed after one month for TiO,-HMOR. and TiO,-
HMORg,. These bands were the same as those previously observed after mixing the t-St with
HMOR and assigned to the formation of a charge transfer complex occurring after the initial
spontaneous ionization of the guest molecule (See Figure S1 A). *' However, contrary to what
was observed in the absence of TiO, (Figure S1 A), the intensity of these bands remained very
weak in the case of TiO,-HMOR, and TiO,-MOR(y, (see example in Figure 6a). Spontaneous
ionization in high yield is usually considered to correlate with the presence of a highly
polarizing environment such as H' acid sites. Then, the low ionization observed here might be
due to a low accessibility to the acid sites or to a diffusion hindering due to the presence of the
TiO; clusters at the pore entry or in the channels. Note also that spontaneous ionization was
not detected after mixing t-St with the TiO,-KMOR; this observation is in line with the
results of the sample characterization which suggest a full exchange of the NH,; by K ions as
previous experiments showed that ionization only occurs after t-St photoexcitation in TiO,

free KMOR (see figure S1 B). 2

Due to the negligible spontaneous ionization in all prepared samples and in order to
investigate properly the electron transfers in the supramolecular TiO,-MOR systems,
photoexcitation of the guest molecule was carried out previous to UV-Visible analyses. This
was made three months after mixing the zeolites with the guest molecule to ensure that an

equilibrium state was reached; note that the absorption band centered at 300 nm assigned to

11
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the neutral t-St molecule did not evolve anymore after two months, and that the spectral
features of the ionized species remaining moreover very weak. The irradiation of the white
samples (1 cm % 1 cm area) was carried out using the 300 nm exciting line of a Panther EX
OPO pulsed laser falling within the contour of the electronic transition of occluded t-St. A
blue coloration was observed immediately after irradiation of the samples, and the evolution
of the new photoinduced species was next immediately followed by DRUVvV spectroscopy as

a function of time, as illustrated for TiO,-HMOR(, (Figure 6).

Straight after the excitation of t-St@TiO,-MOR(,, new characteristic absorption bands were
observed in the visible domain at 476, 567, 626, and 694 nm in addition to the band centered
at 300 nm assigned predominantly to occluded t-St (Figure 6b). The 476 nm band can be

attributed to the t-St*" radical cation by comparison with previous works on narrower pore

42 91,92
5 >

zeolite like ferrierite and ZSM-5 ™ and on other media such as solid matrixes or solution.
?394 The broad band in the 500-700 nm region with 2 maxima at 567 and 626 nm is similar to
the pattern already observed in acid mordenite after spontaneous ionization *' and in non-acid
mordenite after t-St photoexcitation. ** This band is due to the hole transfer occurring after
radical cation formation and is characteristic of the charge transfer complex (CTC, i.e. t-
St@Ti0,-MOR®™") associated with an electron/hole pair. The guest molecule involvement in
the electron/hole pair is demonstrated by the observation of a band structure that probably
corresponds to vibronic transitions as the distances between the maxima are equal to 1662 cm’
! that is approximately the vibrational frequency of double CC bond. The mechanism of
formation of this moiety depends on the oxidizing power of the radical and on the intrazeolite
confinement as was already widely reported and discussed for this molecule and for other
polyaromatics in channel type zeolites. ° In the case of t-St in the TiO,-MOR samples, the

different steps involved in the photoreactivity mechanism can be written as follows:

t-St@Ti0,-MOR + hy — t-St* @TiO,-MOR®" Eq.2
o+ . ° XV cTC . o+e
t-St"@Ti0,-MOR® — t-St@TiO,-MOR"™" Eq.3
o+ [ ] Z’ RCl
t-St"@Ti0,-MOR* — t-St@TiO,-MOR Eq. 4
ote }_c RC:
t-St@Ti0,-MOR®™*" — t-St@TiO,-MOR Eq.5
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where (E RCI + k crc) represents the kinetic rate constant for the disappearance of the radical

cation and k re2, the constant for CTC recombination.

The spectra recorded after irradiation clearly show a faster decrease of the 476 nm t-St*" band
intensity compared to the intensity of the 500-700 nm charge transfer complex bands (Figures
6¢-f). Thus, the evolution of the CTC band indicates a slight increase of the CTC
concentration at the expense of the t-St*" in the first 15 minutes following the excitation (see
comparison between Figures 6b and 6¢). After 20 minutes, an intensity decay is observed for
both transient species (t-St*" and CTC) in favor of the band at 300 nm corresponding to the
neutral t-St. The CTC bands are experimentally observed during 5 days whereas t-St*" is no
longer detected after 1 day (Figure 6e). The concentration decays C(t) which evolution are
shown in Figure 7 were fitted using the Albery function which takes into account the
heterogeneity of the material. * The lifetimes for t-St*" and for the CTC are 65 minutes (k =
1/t =0.0154 min™") and 260 minutes (k = 0.0038 min™"), respectively. It is worth noting that
the radical cation decay proceeds according to two parallel and competitive ways, and the
associated rate constant determined by the Albery method has thus to take into account both
the direct charge recombination and the hole transfer. Unfortunately, it is not possible to
distinguish between both mechanisms. The direct recombination is, however, not preferred
since the system leads mainly to the formation of the charge transfer complex. In the case of t-
St occluded in TiO,-HMORy, and for TiO,-KMOR,y, analogous behaviors and identical
transient species were obtained after photoexcitation, but with weaker band intensities and

shorter lifetimes (table 3) that may be due to the lower titanium content in these samples.

In addition, to characterize the fate of the unpaired electrons after ionization and radical cation
formation, the samples were analyzed using EPR technique. The CW EPR spectrum obtained
at room temperature 5 minutes after irradiation of the t-St@TiO,-MOR(; sample shows an
hyperfine structure in the g=2 region characteristic of t-St*" species (Figure 8). This feature is
superimposed to a broad signal assigned to the ejected electron. This pattern evolved quickly
to a narrower isotropic signal without any other contributions. The constant spectrum thus
observed after one day is assigned to the electron/hole pair as already reported after t-St
ionization in TiO,-free mordenite as well as in ZSM-5 as in BEA zeolites. 96-98 Again,
identical behaviors were observed for the three Ti-containing MOR samples but with weaker
signal intensities and lower signal to noise ratios for t-St@TiO,-HMOR,x and of t-St@TiO,-
KMOR,y.

13
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The longer lifetime of the radical cation observed in the TiO,-containing MOR
samples compared to the TiO,-free zeolite demonstrates that the presence of TiO, in the
material modifies the characteristics of the electron transfers occurring after t-St ionization.
By allowing a transfer of the formed electron to the conduction band of the semi-conductor,
the role of TiO, would then be analogous - although in a reverse way - to the one already
thoroughly described in TiO, containing zeolite photocatalysts in which TiO, is added to
provide electron mobility to the catalyst. For instance, it was reported that the incorporation of
Ti dioxide within zeolite voids makes the photoactivity very different from that of bulk
anatase, and it was shown that the activity depends on the zeolite type and on the TiO,
loading, with significant photocatalytic rate enhancement for most investigated reactions.
47.58.62.63.64.69 Interestingly, it was proposed that TiO, particles incorporated in the zeolite
voids can act as electron relays favoring the electron transport from a photoexcited Ru(bpy)s**
component located inside the zeolite to an external Co(dphen);*" acceptor. ***° In contrast, the
photoelectron transfer between the Ru(bpy)32+ electron donor and an electron acceptor
molecule both encapsulated in zeolite Y cages was found less efficient when TiO, clusters
containing only few Ti atoms were located between these species and the authors explained
this feature by the much larger band gap for very small TiO, nanoclusters (1.3 nm) than for
more classical TiO; particles (25-50 nm), the TiO, nanoclusters then hindering the interaction
and acting more as insulators.'” However, White and Dutta investigated more recently the
coupling of CdS and TiO; semi-conductors in zeolite Y with the aim to prepare improved
photocatalysts and they concluded that the electron transfer requires intimate contact between

both encapsulated semi-conductors. >’

With the help of above bibliography, various hypotheses can be considered to explain the role
of TiO, in our materials. Firstly, the presence of TiO, nanoparticles mainly at the surface of
the zeolite crystallites (as seen by TEM) could result in a partial blocking of the pore entries
and in a hindering of the t-St diffusion into the pores that could contribute to the poor
spontaneous ionization process due to t-St adsorption mainly on the external surfaces.
However, this hypothesis has to be discarded because the ionization of t-St in such conditions
would not lead to stabilization of long-lived transient species and especially would not allow
hole transfer. Indeed, photoionization of t-St adsorbed only on the external surface of NaA
zeolite because of 8-MR pores too narrow to accommodate t-St was found to induce solely t-
St*" formation and this radical could be detected only using time resolved spectroscopy due to

its very short lifetime.'”’ Consequently, the observation of highly stable charge separated
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states with long life time is clearly in favor of t-St molecules occluded within the channels in
the present TiO,-MOR samples. Then, two possibilities can be envisaged: either the electrons
migrate from the pores to the large TiO; clusters deposited on the external surface (as seen by
TEM) or the electrons interact with the small subnanometer TiO; particles encapsulated in the

channels (as deduced from DRUVYvV analyses).

At this point, the fate of the ejected electron in the zeolite and the process of electron-hole
stabilization should be discussed. The existence of long life radical cations and CTC
demonstrates that the unpaired electrons can be trapped in specific sites to delay
recombination. Indeed, previous studies using pulsed EPR technique in similar but Ti-free
systems showed the coupling between unpaired electrons and Al atoms of the framework as
well as charge balancing cations suggesting electron trapping on the oxygen atoms close to Al
atoms. Hence, the non-direct recombination and long lifetimes observed might be explained
by electron hopping between various identical sites in the channels before final
recombination. ' Accordingly, such electron hopping from the initial ionization site to
successive sites before reaching TiO, might be considered and thus migration of the electrons
to TiO; located within the pores - or even on the external surface - might be envisaged. Then,
both types of TiO, nanospecies inside and outside the pores could contribute to electron
trapping in our samples and further work is being carried out to clarify the specific

characteristics of the stabilization effect provided by each of them.

In conclusion, both DRUVv and EPR spectroscopies reveal the presence of long-life radical
cation and very stable electron/hole pair species in the Ti containing samples, whereas in the
absence of TiO,, after mixing t-St with HMOR or after photoexcitation of t-St occluded in M-
MOR (M = Na', K', Rb", Cs"), the t-St*" spectral features were never observed by
conventional DRUVv (Figure S1) or EPR. In these Ti-free samples, the signal characteristic
of t-St*" was only observed using time resolved diffuse reflectance UV-vis spectroscopy on
the nano-millisecond time scale. ** Thus, even if the reaction mechanisms take place in similar
way with and without TiO,, the presence of the semi-conductor clearly slows down the
electron-hole recombination in the porous volume indicating that a possible electron transfer
to the conduction band of the semi-conductor has to be considered. In addition, it is important
to remind that previous studies have clearly demonstrated the increase of the electron transfer
kinetic when going from the narrow pore ferrierite to ZSM-5 and to MOR. *'** The high
confinement effect in the zeolite channels is then a key parameter to stabilize t-St*" for long

times. Therefore, in the present case, it might be necessary to consider the increase of the
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confinement effect due to the presence of TiO; in close proximity of the occluded molecule to
explain the observation of t-St*" in TiO,/H-MOR whereas this moiety was never observable

on this time scale in TiO,-free H-MOR.

4. Conclusions

Through the various results obtained in this study, it appears that the inclusion of t-St in the
channels of TiO,-containing porous materials is a very promising approach for the
stabilization for long periods of charge separated states created by photoexcitation. The
diffusion properties as well as the distribution and the nature of the adsorption sites are
actually essential factors to understand the photochemical reactions in zeolites. In particular,
we highlight here the stabilization of t-St*" in TiO,-MOR whereas this species has so far
never been detected by conventional UV-visible spectroscopy. Only experiments performed
using time-resolved spectroscopy had demonstrated its formation. Thus, the proximity of TiO,
with t-St*" is put forward, to explain the stabilization of the radical through the capture of the
ejected electron by the semi-conductor. It is also possible that the presence of TiO, in the pore
volume of the zeolite, even in low amount, reduces the internal microporous volume and
induces an effect of additional confinement affecting the electron transfer by slowing the
recombination of the radical cation. Although more work would be needed to improve the
method of incorporation of Ti not only on the surface but also in high yield at the interior of
the mordenite porous network, it can be already concluded that using the TiCl; precursor was
more efficient than the method carried out in presence of titanium oxalates. Finally, in the
presence of TiO,, almost no spontaneous ionization process took place making photoinduced

ionization necessary.
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Table 1: Textural characteristics deduced form nitrogen physisorption isotherms.

Sample Ager Vil Vinicro' Vineso®
(m”.g™) (em’.g") (cm’.g") cm’ g™
HMOR 540 0.28 0.20 0.08
TiO,-HMOR¢ 786 0.45 0.28 0.17
Ti0,-HMOR, 547 0.29 0.20 0.09

* Determined from nitrogen volume adsorbed at P/Py = 0.995

® Determined from t-plot analysis

¢ Determined from the difference between Vo and Vmicro

Apgr : surface area measured by Brunauer, Emmet, Teller (BET) method.

Vicro = microporous volume, Vs, = mesoporous volume; Vo =Viicro + Vineso
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Table 2: List of observed elements and related binding energies and atomic concentrations

deduced from XPS data for the TiO,-HMOR(;, TiO,-HMOR, and TiO,-KMOR« samples.

HMOR TiO,-HMOR(, TiO,-HMOR Ti0,-KMOR 4
Fluo X XPS Fluo X XPS Fluo X XPS
Element | (% at.) BE (eV) (% at.) | (%at) | BE(eV) (%at) | (%at) |BE (V) (% at)
533.0 (92%) 532.8 68.7 533.1 69.4
Ols nd. F————— 669 n.d. n.d.
531.0 (8%)
N 1s n.d. 403.3 1.7 n.d. 403.0 1.4 n.d.
Si2p 22.6 103.5 26.8 24.7 103.5 26.9 24.3 103.5 24.6
Al 2p 2.0 74.8 2.2 2.0 74.8 2.2 2.1 74.7 2.4
Ti2p 0.15 459.0 2.4 1.8 459.7 0.7 0.6 458.7 0.9
K 294.7 2.7
Si/Al* 11.3 12.2 12.3 12.2 11.6 10.3
Ti/Al 0.07 1.1 0.9 0.3 0.3 0.4

* the atomic Si/Al ratio for parent NH,-MOR mordenite is 10 (commercial value given by Zeolyst)
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Table 3: Kinetic Results of t-St*" @TiO,/MOR * Decays and t-St@TiO,/MOR®"™" Decays
following 300 nm Photolysis of t-St@TiO,/MOR

t-St* @TiO/MOR®" | t-St@TiO,/MOR®" *

Zeolite T (min) k(min") | t(min)  k (min™)
HMOR * Not observed Spontaneous ionization
KMOR ° 0.0068* 147.06 24 0.0425
TiO2/HMOR o« 20 0.0512 70 0.01416
TiO2/KMOR o« 43 0.0234 109 0.00919
TiO2/MOR¢ 65 0.0154 259 0.00386
% see ref. "'
®: see ref. *?

* observed using time resolved diffuse reflectance UV-vis spectroscopy

7 . lifetime and k : rate constant with k=1/t
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Figures captions
Figure 1:  X-ray diffractograms of the MOR zeolites and of the TiO, anatase phase. The
diffractogram of anatase is multiplied by 3 (y scale) for the sake of better clarity.

Figure 2:  Nitrogen adsorption-desorption isotherms at 77 K on HMOR, TiO,-HMOR
and TiO,-HMOR,y. P is the pressure at the equilibrium and Py is the saturated

vapor pressure.

Figure 3:  (A) representative transmission electron micrographs of a microtomic slice of
TiO,-HMOR(; and (B) HR-TEM picture showing the preservation of the
microporous channel structure in the zeolite grains; (C) enlargement on a zone
showing the deposited Ti nanospecies, (D) HR-TEM image of these species and
(E) related diffraction pattern revealing the djo; (3.5 A) and dj03 (2.3A) plans
typical of anatase. The HR-TEM images presented in (B) and (D) correspond to
the areas circled in (A) and in (C), respectively. The diffraction pattern presented

in (E) correspond to the smaller area circled on graph (C).

Figure 4:  DRIFT spectra during calcination of the MOR samples contacted with the (a-f)
TiCls and (a’-f”) K, TiO(C,04), solutions, then wahsed and dried (50°C): spectra
registered at (a,a’) 25°C, (b) 100°C or (b’) 150°C, (c) 200°C, (d,d’) 300°C, (e.e’)
450°C and (f,f”) 25°C after cooling. The spectra are vertically shifted for the
sake of better clarity.

Figure 5:  XPS spectra of TiO,-HMOR(; in the binding energies ranges characteristic of (a)
Ti2p and (b) O 1s.

Figure 6:  DRUVYv spectra recorded as a function of time after laser irradiation at 300 nm
of t-St@Ti0,-HMOR; (a) before irradiation, (b) 5 min, (c) 15 min, (d) 5 h, (e)
10 h, (f) 24 h, (g) 1.5 day and (h) 3 days after photoexcitation.

Figure 7. Normalized decay profiles of C/C, relative to spectral concentration of (a) t-
St @Ti0,-H-MOR¢"" and (b) t-St@TiO,-HMOR(;"™" monitored at 476 nm
and at 567 nm respectively after the 300 nm laser excitation. The solid line
represents the best fit calculated decays using the Albery function; the squares

represent the experimental points.

Figure 8.  CW EPR spectra at room temperature after laser photoirradiation at 300 nm of t-

St@TiO2/HMORcy; spectra recorded after (a) 10 min, (b) 2 h and (c) 1 day.

26



Page 27 of 39 Physical Chemistry Chemical Physics

27



Physical Chemistry Chemical Physics Page 28 of 39

Jk TiO, (anatase)
I A/\

I : TiO,/ MOR_,
N | I In TiO,/ HMOR
M A AL A

I I | l “ TiO,/ KMOR
Wl A NH,MOR_,
Monn M AN

I T I I T I T 1
10 20 30 40 50
20

E

Arbitrary units

—

Figure 1: X-ray diffractograms of the MOR zeolites and of TiO, (anatase phase). The

diffractogram of anatase is multiplied by 3 (y scale) for the sake of better clarity.
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Figure 2:  Nitrogen adsorption-desorption isotherms at 77 K on HMOR, TiO,-HMOR
and TiO,-HMOR,y. P is the pressure at the equilibrium and Py is the saturated

vapor pressure.
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Figure 3: (A) representative transmission electron micrographs of a microtomic slice of
TiO,-HMOR(; and (B) HR-TEM picture showing the preservation of the
microporous channel structure in the zeolite grains; (C) enlargement on a zone
showing the deposited Ti nanospecies, (D) HR-TEM image of these species and
(E) related diffraction pattern revealing the djo; (3.5 A) and djo3 (2.3A) plans
typical of anatase. The HR-TEM images presented in (B) and (D) correspond to
the areas circled in (A) and in (C), respectively. The diffraction pattern presented

in (E) correspond to the smaller area circled on graph (C).
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Figure 4 DRIFT spectra during calcination of the MOR samples contacted with the (a-f)
TiCls and (a’-f) K,TiO(C,04); solutions, then washed and dried (50°C): spectra
registered at (a,a’) 25°C, (b) 100°C or (b’) 150°C, (c) 200°C, (d,d’) 300°C, (e,e’)
450°C and (f,f”) 25°C after cooling. The spectra are vertically shifted for the sake
of better clarity.
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Figure 5:  X-ray photoelectron spectra of TiO,-HMOR(; in the binding energies ranges
characteristic of (a) Ti 2p and (b) O 1s.
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Figure 6:  DRUVYv spectra recorded as a function of time after laser irradiation at 300 nm

of t-St@TiO,-HMOR( (a) before irradiation, (b) 5 min, (¢) 15 min, (d) 5 h, (e)
10 h, (f) 24 h, (g) 1.5 day and (h) 3 days after photoexcitation.
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Figure 7.
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Normalized decay profiles of Cy/Cy relative to spectral concentration of (a) t-
St @Ti0,-H-MOR¢"" and (b) t-St@TiO,-HMOR(;"™" monitored at 476 nm
and at 567 nm respectively after the 300 nm laser excitation. The solid line

represents the best fit calculated decays using the Albery function; the squares

represent the experimental points.
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Figure 8.  CW EPR spectra at room temperature after laser photoirradiation at 300 nm of t-

St@TiO,/HMORy; spectra recorded after (a) 10 min, (b) 2 h and (c) 1 day.
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Figure S1: A) Evolution of the DRUVYvV spectra as a function of time after mixing t-St and
acid H-MOR (spontaneous ionization). B) Evolution of the DRUVvV spectra as a function of
time after photoexcitation of t-St occluded in K-MOR (photoinduced ionization).
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Graphical abstract

Ionization of a guest molecule occluded in TiO,-containing zeolite and electron transfers
towards the conduction band of the conductive material placed nearby.
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Graphical abstract

k:300 nm

Ionization of a guest molecule occluded in TiO,-containing zeolite and electron transfers
towards the conduction band of the conductive material placed nearby.



